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Abstract 
Low cycle fatigue (LCF) and fatigue-creep tests were conducted under different dwell conditions at 650ºC on a P/M nickel base 
superalloy, which was used widely as aero-engine turbine disc. The specimens, taken from a hot isostatic pressing (HIP) disc 
(ĭ180X50 mm), were tested under total fully reversed axial strain control. Compared with continuous cycling tests without 
dwell, the ones with tensile, compressive or tensile-compressive strain dwells showed some shorter fatigue lives. The difference
of fatigue lives under different strain dwells reflects the fatigue-creep interactions at elevated temperature. The cyclic 
deformation and life distribution features were analysed and a lifing model was proposed to evaluate the fatigue life of the alloy. 
The prediction agrees well with the experimental results. 
Keywords: P/M superalloy; low cycle fatigue; strain dwell; nonmetallic inclusions; life prediction. 
1. Introduction 
Superalloy components made by powder metallurgy (P/M) techniques are being used in advanced turbine engines 
[1]. Aircraft gas turbine discs, designed to operate at about 650 °C in current high performance aero-engine, require 
alloys with high yield strength (to tolerate overspeed without burst), high creep resistance, and good damage 
tolerance. The crack growth rate must be kept low even under conditions of high temperature environment and 
complicated loading [2]. 
There are many advantages of powder processed disk alloys. For example, the alloy has more uniform 
composition and phase distribution, finer grain size, reduced carbide segregation, higher material yields, increased 
flexibility in alloy design and so on. Several P/M superalloys have replaced forged alloys as turbine discs. However, 
several problems arise directly from powder techniques. One main problem is the existence of nonmetallic inclusion 
[2, 3]. Nonmetallic inclusion can lead directly to inferior mechanical properties. Nonmetallic inclusion more readily 
causes crack nucleation, and causes greater variability in fatigue life, than they do in wrought alloys [3, 4].  
In present paper, LCF and fatigue-creep behaviors of an advanced P/M superalloy was investigated. The cyclic 
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deformation and life distribution behaviors were analysed and a lifing model was proposed to evaluate the fatigue 
life of the alloy.  
2. Material and experimental procedures 
2.1. Material and specimen 
The material examined in the study is an advanced P/M nickel base superalloy used as aero-engine turbine disc, 
which is solution treated above the Ȗ solvus temperature. The alloy processed via powder metallurgy by vacuum 
furnace. The post-treatment included a HIP treatment (1180˚C/3h/100MPa), and other heat treatments as follows: 
(1) 1140˚C/4h + 625˚C/salt water /15min/AC), (2) 870˚C/1h/AC, (3) 650˚C/24h/AC. After heat treatment, a high 
volume fraction (over 50%) of Ȗ  strengthening phase was gained. The nominal chemical compositions (wt%) of the 
alloy are 0.04-0.07C, 12-14Cr, 7.0-9.0Co, 3.5-3.7Mo, 3.3-3.7W, 3.3-3.7Al, 2.3-2.7Ti, 3.3-3.7Nb, 0.015B, 0.05Zr 
and balance Ni. Fig.1 shows an optical microscope image of the typical microstructure of the alloy after heat 
treatment. Grain sizes range roughly from 10 to 50 ȝm. A few MC (NbC) carbide particles randomly distribute both 
at grain boundaries and in the grains. 
Fig.1. Microstructure of the P/M superalloy tested 
Standard monotonic tensile test at different temperatures revealed the elastic modulus, the 0.2% offset yield stress 
and the tensile strength of the alloy and are shown in Table 1. The mechanical properties of the P/M alloy tend to 
decrease slightly with temperature increasing.  
Table 1. Mechanical properties of the P/M super alloy tested 
Temperature   (˚C) E  (GPa) ı0.2  (MPa) ıb  (MPa) 
20 211 1190 1540
200 200 1160 1510
400 198 1170 1490
500 186 1140 1490
600 177 1110 1490
700 171 1100 1390
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Fig. 2 shows the changes of the Yong’s modulus, the 0.2% offset yield stress and the tensile strength of the alloy 
with temperature increase. The 0.2% offset yield stress decrease 80MPa with temperature increasing from 20 ˚C to 
700 ˚C.
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Fig.2. The changes of the mechanical properties with temperature 
All of the specimens tested in present study were taken from a hot isostatic pressing (HIP) disc (ĭ180×50 mm). 
The round bars cut from HIP disc in circumferential direction by wire-electrode cutting. Button-ended cylindrical 
specimens with a gauge diameter 6 mm, gauge length 14 mm and total length 90 mm were machined from round 
bars and the specimens were used for strain control tests.  The shape and dimensions of the specimen is shown in 
Fig. 3. 
            
Fig.3. The shape and dimensions of the specimen 
2.2. Experimental procedures 
The tests were performed on a servohydraulic test machine (Shimazu EHF-100KN-20L) at temperatures of 
650˚C. Specimens were heated with a radiation furnace to give temperature gradients within r2˚C over the specimen 
gauge length. Temperature control was achieved by using a Pt/Pt 13% Rh thermocouple, attached to the specimen in 
the centre of the gauge length coupled to a temperature controller. Two further thermocouples were mounted at the 
ends of the gauge length to monitor the test temperature.  
All the tests were carried out under fully reversed total strain control at a constant strain rate of 5x10-3 s-1. A 
triangular waveform command signal, with the option of introducing hold periods at tensile peaks or compressive 
valleys, was used during the tests. There were four different types of loading, namely continuous cycling (denoted as 
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0/0), cycling with a tensile strain dwell (t/0, t=60 s), a compressive strain dwell (0/t, t=60 s) and balanced strain 
dwells (t/t, t=30 s).  The load wave with tensile strain dwell is shown in Fig.4.  
Throughout the tests, a continuous record was made of the load-time and strain-time history to monitor the cyclic 
hardening/softening response. Hysteresis loops were also recorded regularly throughout the tests by computer. 
Strain was measured with a high temperature axial extensometer with a 12mm gauge length. Specimen failure was 
defined as specimen rupture or as a reduction of the stabilized maximum cyclic stress range by 30%. 
Fig.4. Load wave with tensile strain dwell 
3. Results and discussions 
3.1.  Cyclic stress-strain behavior 
LCF test has been widely used to determine the performance of materials applied in components as turbine blades 
and disks [2]. The cyclic stress-strain response is an important aspect in LCF studies since it reflects the true stress-
strain characteristic of a material under LCF condition [5]. Fig. 3 shows the cyclic stress-strain response of the P/M  
superalloy under 650qC. The Ⴜ  symbols express the test data at 650qC. The cyclic stress-strain data were derived 
through hysteresis loops of 50 pct of cyclic life (Nf /2). They can be expressed approximately by Eqn. 1 and  are 
plotted in Fig. 5 as solid line. 
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Where ǻİ is total stress range, E is Young’s Modulus, Kc  and nc are cyclic strength coefficient and cyclic strain 
hardening index. In Fig. 5, the experimental data are correspondence well with calculated values. Parameters Kc  and 
nc  are determined by regression analysis to the stress-strain data. The values are 2310 and 0.098, respectively. The 
test results reveal temperature affections on cyclic stress-strain behavior.  
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Fig.5. Cyclic stress-strain curve 
3.2.  Cyclic stress-life response 
All the LCF tests were carried out under fully reversed total strain control at a constant strain rate of 5x10-3 s-1.
During LCF experiments, the changes of stress range values with cyclic numbers were recorded at a given strain 
range. Fig. 6 and Fig. 7 show the cyclic total stress range as a function of number of cycles measured in experiments 
with different strain amplitudes. Fig. 6 is the case of the test without strain dwell at 650˚C, the P/M superalloy 
represents cyclic hardening within the first ten cycles and the degree of hardening declines with strain range 
decreases. The cyclic stress response is nearly constant when strain range is of 1.0%. When strain range is higher 
than 1.0%, a saturation stage occurs after the initial hardening until the final failure. 
100 101 102 103 104
1400
1600
1800
2000
2200
2400
2600
2800
    R
H
=-1,  0/ 0
'H =2.0%
'H =1.8%
'H =1.6%
'H =1.4%
'H =1.2%
'H =1.0%
'V
, M
Pa
N ,  Cycle
Fig.6. Cyclic stress response of the P/M superalloy at 650qC without strain dwell 
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Fig.7. Cyclic stress response of the P/M superalloy at 650qC with tensile strain dwell 
Fig. 7 is the case of the P/M superalloy with a tensile strain dwell (t/0, t=60 s) tested at 650˚C. Similar to the case 
of the test without strain dwell at 650˚C, the P/M superalloy also represents cyclic hardening within the first ten 
cycles and the degree of hardening declines with strain amplitude decreases. A saturation stage occurs after the 
initial hardening until the final failure. In other tests with a compressive strain dwell (0/t, t=60 s) and balanced strain 
dwells (t/t, t=30 s), the P/M superalloy still represents cyclic hardening within the first ten cycles. 
3.3. LCF life behavior without strain dwell 
The LCF life and strain range relationship of the P/M superalloy without strain dwell is illustrated in Fig. 8. The 
cyclic total strain ranges as a function of number of cycles to failure measured in experiments are shown in Fig. 8. 
The relationship between cyclic total strain range ǻİ (%) and number of cycles to failure N (Cycle) is approximated 
by Coffin-Mansion power equation [5], which is also shown in Fig. 8 with solid line. The total strain range can be 
divided into elastic strain range ǻİe and plastic strain rang ǻİp. It can be known that Coffin-Mansion power equation 
can fit the test data rather well. 
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Fig.8. Strain range-life curves at 650qC
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3.4. Strain dwell effect on LCF Life 
It has been found that strain dwell has an obvious effect on the LCF life for different materials. Both tension and 
compression strain dwell result in more damage of material as fatigue-creep interactions [6, 7]. However, various 
materials and different temperatures may result in conflicting arguments. The study on single crystal SRR99 
indicates that the influence of hold (dwell) time on fatigue life is strongly dependent on temperature [6, 7], which 
was attributed to their effect on crack initiation and crack propagation. Four different types of loading, namely 
continuous cycling (denoted as 0/0), cycling with a tensile strain dwell (t/0, t=60 s), a compressive strain dwell (0/t, 
t=60 s) and balanced strain dwells (t/t, t=30 s) are used during the present study. The test data at 650qC are plotted in 
Fig. 9 with different symbols, respectively. The solid line in Fig. 9 is an approximate line of continuous cycling data 
as described above in Fig. 8. It can be observed that the present alloy always exhibits shorter fatigue life with strain 
dwell compared with specimens without strain dwell at temperatures of 650qC, regardless of the strain dwell type. 
This means that both of tensile and compressive strain dwell has additional damage effect to the alloy. On the other 
hand, such an influence on fatigue life may be related to the change of frequency. As well known, high frequency 
corresponds to low fatigue life. In this study the total strain dwell time is 60s, and one cycle period with strain dwell 
increases by more than one order of magnitude. In addition, strain dwell may affects the cyclic deformation in the 
following aspects: mean stress with tensile strain dwells generating compressive mean stress and with compressive 
strain dwells generating tensile mean stress, inelastic strain, time dependent creep damage and oxidation. All of 
these factors enhance fatigue crack initiation and propagation. By comparing different strain dwell types from Fig. 
9, it can be observed that the combined results for tensile strain dwell, compressive strain dwell and balanced strain 
dwells are substantially the same. 
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Fig.9. Strain range-life curves with different strain dwells at 650qC
3.5. LCF life prediction 
Cyclic damage accumulation (CDA) method was used by NASA for fatigue-creep life prediction [8, 9]. In the 
present study, a modified CDA method was used to predict the life of the studied P/M superalloy, which can be 
expressed by Eq. 2.  
                                                          (2) ctm tntnnnnin
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where A, n1, n2, n3, n4, n5 and n6 are material constants. 'Hin is inelastic strain range, 'V is total stress range, Vm is 
mean stress, Vmax is the maximum stress. tt is tensile holding time, tc is compressive holding time. For all of the LCF 
tests with and without hold time performed at 650qC, a comparison of the predicted life, based on Eq. (2), with the 
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measured one reveals a good correlation between calculated value and test data (r2 times), no matter what type 
strain dwell was introduced, as shown in Fig. 10. This fact suggests that the fatigue life of the P/M alloy can be 
predicted reasonably well by using CDA method. 
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Fig.10. Life prediction of the P/M superalloy at 650qC
4. Summary 
(1) The P/M superalloy represents cyclic hardening within the first ten cycles and the degree of hardening declines 
with strain range decreases no matter what type strain dwell is introduced. 
(2) The total strain range can be divided into elastic strain range and plastic strain rang. It can be known that  
Coffin-Mansion power equation can fit the test data rather well. 
(3) The present P/M superalloy exhibits shorter fatigue life with strain dwell compared with specimens without 
strain dwell at temperatures of 650qC, regardless of the strain dwell type. This means that both of tensile and 
compressive strain dwell has additional damage effect to the alloy. 
(4) Cyclic damage accumulation (CDA) method  considered the affection of strain range, stress range, mean stress, 
maximum stress, tensile holding time, compressive holding time and so on, it gives a good evaluation of LCF 
life
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